BACKGROUND Novel cardiac magnetic resonance (CMR) stress T1 mapping can detect ischemia and myocardial blood
which increases the myocardial blood volume (8, 9) .
This process increases the free water content in the ischemic myocardium, which is detectable by using T1 mapping (4, 5) .
In a recent proof-of-concept study (4), we showed that adenosine stress and rest T1 mapping can distinguish between normal, ischemic, infarcted, and remote myocardium without the need for gadolinium contrast agents ( Figure 1 ). Normal myocardium in control subjects exhibited normal resting T1, with significant positive T1 reactivity during adenosine vasodilatory stress (6.2 AE 0.5%). In patients with CAD, infarcted myocardium showed distinctively high resting T1, differentiating it from all other myocardial tissue classes, without significant T1 reactivity (0.2 AE 1.5%). Ischemic myocardium showed mildly (but significantly) elevated resting T1 compared with normal, without significant T1 reactivity (0.2 AE 0.8%).
Remote (nonischemic/infarcted) myocardium in patients with CAD, although having normal resting T1, had a blunted T1 reactivity (3.9 AE 0.6%), possibly due to CMD. Normal, ischemic, infarcted, and remote myocardium have distinctive rest and stress T1 profiles that allow their differentiation from each other.
Based on these observations, we performed the Drs. Wijesurendra, Neubauer, Channon, Piechnik, and Ferreira acknowledge support from the British Heart Foundation Centre of described (4, 11) . Briefly, native T1 maps were acquired first at rest by using the established, heart-rate independent Shortened Modified Look-Locker Inversion recovery T1 mapping technique (6) in 3 short-axis slice positions (basal, mid-ventricular, and apical) (4).
Adenosine stress was given (140 to 210 mg/kg/min, 3 to 6 min, intravenously) before stress T1 maps were acquired in 3 short-axis slices matched to the resting T1 maps. Stress first-pass perfusion imaging was performed immediately after in matching slice positions to T1 maps, with an intravenous bolus of GBCA (0.03 mmol/kg at 6 ml/s; Dotarem; Guerbet, Villepinte, France) followed by a saline flush (15 ml at 6 ml/s).
Matching rest perfusion images were acquired >15 min after stress perfusion and adenosine discontinuation.
LGE imaging was performed in matching slice positions to cine and perfusion images 8 to 10 min after a top-up bolus of gadolinium (0.1 mmol/kg) (12) .
Healthy control subjects underwent CMR at 1.5-T (n ¼ 20) or 3-T (n ¼ 10) using the same protocol as patients. To assess the interscan variability of stress myocardial T1 responses, 10 healthy volunteers who had CMR at 1.5-T had a repeat CMR >2 years later (mean: 3 AE 1 years) using the same protocol on the same scanner. To assess the intrascan variability of stress T1, in the repeat CMR scan, all 10 healthy volunteers underwent adenosine stress twice with a 15-min recovery period (Online Appendix).
All subjects (patients and control subjects) exhibited a significant hemodynamic response to adenosine stress (>10 beats/min increase in heart rate and $1 adenosine-related symptom [e.g., chest tightness]) (13) . Furthermore, 60% of subjects also had a significant (>10 mm Hg) drop in systolic blood pressure.
INVASIVE CORONARY PHYSIOLOGY MEASUREMENTS. FFR and IMR were measured as previously described (2, 3, 10) by expert operators blinded to the research CMR results (Online Appendix). Significant epicardial coronary flow obstruction was defined by FFR <0.8 (3).
Coronary microvascular dysfunction was defined by FFR $0.8 and IMR $25 U, where U denotes units or millimeter of mercury seconds (10, 14) .
DATA ANALYSIS. T1 maps were analyzed as previously described (15, 16) , by an experienced observer Values are mean AE SD, n (%), or n. Values are mean AE SD. DT1 is (stress T1 -resting T1) O resting T1 Â 100. All T1 and DT1 values are mean AE 1 SD. All statistical analyses were performed by using an analysis of variance with Bonferroni post hoc corrections. *p < 0.01 compared with normal control subjects. †p < 0.01 compared with ischemic myocardium downstream of obstructive CAD (FFR <0.8). ‡p < 0.01 compared with CMD (FFR $0.8; IMR $25 U). §p < 0.01 compared with no significant CAD (FFR $0.8; IMR <25 U).
Abbreviations as in Tables 1 and 3 . 
DISCUSSION
This study is the first to report the excellent diagnostic performance of CMR stress T1 mapping for detecting obstructive epicardial CAD, as defined by Table 3 ). The distinctive diagnostic thresholds for obstructive epicardial CAD (DT1 <1.5%), CMD (DT1 1.5% to 4.0%), and normal (DT1 >4.0%) (Central Illustration) deserves further validation in a larger study with an unselected patient population.
STUDY LIMITATIONS AND FUTURE DIRECTIONS.
This study examined the diagnostic performance of CMR stress T1 mapping for the detection of ischemia in native coronary arteries. The utility of stress T1
mapping for the detection of ischemia in more complex CAD, such as chronic total occlusion and after coronary artery bypass grafting, requires further investigation. A proportion of T1 map and stress perfusion segments (7% to 8%) was rejected in a stringent quality control process to ensure maximal accuracy in this validation study. Reassuringly, reinclusion of these segments did not significantly affect the diagnostic performance of either method for detecting obstructive CAD. In this study, which focused on the detection of ischemia, the infarct scars were assessed by using LGE imaging. Although viable ischemic myocardium and infarcted myocardium both showed a near-zero stress T1 response, infarcted myocardium had significantly higher resting T1, which allowed differentiation from noninfarcted tis- Stress T1 Mapping Accurately Detects Ischemia
